The complete nucleotide sequence of RNA 2 of a German isolate of barley yellow mosaic virus (BaYMV) has been determined. The RNA is 3585 nucleotides in length excluding a 3'-terminal poly(A) tail. The viral plus and minus strands in all three reading frames contained only one large open reading frame which started at positions 156 to 158 and terminated with a UAG codon at positions 2828 to 2830, thus encoding an Mr 98000 polypeptide. Comparisons with sequences of other viruses revealed that the amino terminus of the polypeptide has homology with the proteolytic domain of the helper component proteinase of several potyviruses. It was determined that the 98K protein is a polyprotein composed of an aminoterminal 28K protein and a 70K protein.
Barley yellow mosaic virus (BaYMV) is a bipartite, positive-sense, single-stranded RNA virus (RNA 1 approx. 7-7 kb, RNA 2 approx. 3.6 kb) and is a causal agent of a serious disease of increasing agronomic importance of winter barley cultivars in European and Asiatic countries (Inouye & Saito, 1975; Huth et al., 1984; Huth, 1988) . The virus is transmitted by the soilborne fungus Polymyxa graminis (Adams et al., 1989) , hence control measures are difficult. BaYMV was originally classified as a potyvirus as it has several properties in common with these viruses (Hollings & Brunt, 1981; Shukla & Ward, 1989) . However, it has recently been proposed that BaYMV be classified separately in the bymovirus group due to the accumulating evidence of differences between BaYMV, and other similar fungus-borne viruses, and the classical, generally aphid-borne potyviruses (Kashiwazaki et al., 1989; Usugi et al., 1989) . The isolation of cDNA clones corresponding to the genomes of BaYMV and barley mild mosaic virus (previously BaYMV-NM and BaYMV-M types) is leading to a greater understanding of the genomic structure of these viruses and their relationship to other viruses (Kashiwazaki et al., 1989; Pr61s et al., 1990) . In order to understand better the molecular biology of BaYMV we have constructed and sequenced a cDNA clone corresponding to RNA 2 of this virus. Results similar to those presented in this manuscript have been obtained during parallel work by Kashiwazaki etal. (1991) using a Japanese strain (II-1) of BaYMV.
The almost full-length cDNA clone psY35, representing the entire coding region and 128 nucleotides of the 5' non-coding region of RNA 2 of a German isolate of BaYMV was isolated as described previously (Pr61s et aL, 1990) . The dideoxynucleotide chain-termination method (Sanger et al., 1977) was used to sequence both strands of subclones derived from psY35 by using both restriction enzyme fragments and exonuclease IIIgenerated nested deletions (Henikoff, 1987) . Thus the complete nucleotide sequence of psY35 was determined for both strands of the DNA. For primer extension analysis, 20 pmol of the oligonucleotide 5' CACAGTCAAAGAATAACCG 3', which is complementary to nucleotides 174 to 192 of RNA 2, was added to 1 ~tg of BaYMV RNA (total volume 8 ktl in H20) isolated as described previously (Pr/51s et al., 1990) . The mixture was heated to 65 °C for 3 min and then incubated at room temperature for 10 min. Reagents for cDNA synthesis were added (Pr/51s et al., 1990 ) and the reaction was incubated for 1 h at 42 °C. The size of the extended cDNA was determined by electrophoresis in a 6~ sequencing gel and comparing the mobility of visible bands to that of a plasmid sequencing reaction using the same primer. The remaining primerextended cDNA was purified from the oligonucleotide primer using a Centricon 10 ultrafiltration device and was poly(A)-tailed (Sambrook et al., 1989) using terminal deoxynucleotide transferase (BRL). After hydrolysis of the RNA template the cDNA was amplified in a polymerase chain reaction using Taq polymerase (Perkin Elmer Cetus) and the primers 5' GAGATATCGCGGCCGCATCGA(T)ls 3' and 0000-9936 © 1991 SGM 
1441 ATTTTGTTTCAGAGTCATCAAATGG TGAG TACAGAGTTAAGGAACC/ b~GACCTGTTACTCAGTACAGGGTTGAGCATGATGAACCAG TTGC TAGTGGTGCCCCATC TGCTTGGTGGCAAG 1560 430
F V S E S S G E R V K E P R V T Y R V E H D E P V S G A P S A W Q 469
1561 TTCTTGTTGGCATCACCACCGCCATTCTGGGCGcAATAAl . ATTcTTTCTTTGGAGGTGTTTcTTGCGTGCTAAGCGTGTcAAATTccAGGCAAAGGATTccTTCccATGGTTTAccACGT 1680
2281 TcA~c~Aic~c~c~ccTA~cA6c~Tc~AET~c~cTT~T~`c~cA~cTcAc`rccAcA~cTcGc~c~cc~G~Tc~Gc`;-Tc~TTA~c~TcTcT 2400
264~ AGccGATc~cAc~TT~`c~TATT~cc~TG~T~A~TTTTcT~c~G~Gc~cGcGccATc~cA~GccAGGGATAccA~AT~TG~cT~cGcccAT~Tcc~ccc÷TTTc~A~cTT 2760 5' CACAGTCAAAGAATAACCG 3' following the method of Frohman et al. (1988) . The resulting products were cloned into the NotI/AccI sites of psY35AC (psY35AC was constructed by digesting psY35 with AccI and religating the 3.1 kb restriction fragment which contains pBSK-and the first 140 nucleotides of psY35). cDNA clones having appropriately sized inserts were sequenced. Oligonucleotides used for this work were made in an Applied Biosystems model 380B DNA synthesizer.
To facilitate investigation of the organization and maturation of protein products encoded by RNA 2, the clone psY35AH was constructed. A 393 bp HindlII fragment located between nucleotides 195 and 588 of psY35 was deleted by partial restriction enzyme digestion and the remaining fragment was religated. This deletion conserved the reading frame of the encoded protein.
In vitro transcription and translation reactions and the subsequent detection of in vitro translation products were as described previously (Pr61s et al., 1990) .
Nucleotide sequence data was compiled and analysed using a Vax 220 computer and the software package of Devereux et al. (1984) .
Primer extension analysis resulted in the detection of two oligonucleotides differing by a single nucleotide (data not shown) which extended psY35 by 19 or 20 nucleotides. Sequencing of several cDNA clones demonstrated that both primer extension products had been isolated as cDNA clones. As no other bands were detected by primer extension it is likely that the sequence shown in Fig. I corresponds to the full-length sequence of RNA 2 (nucleotides 1 to 20 correspond to the larger primer extension product and nucleotides 21 to 3585 to psY35). However it cannot be excluded that extra nucleotides may be present at the 5' terminus as the reverse transcriptase may terminate prematurely due either to a protein bound to the RNA or to the secondary structure of the RNA. Thus the sequence of RNA 2 would appear to be 3585 nucleotides in length excluding a poly(A)tail (Fig. 1) .
The first AUG codon in RNA 2 is at positions 156 to 158 in the sequence ACCAUGU which is in good agreement with the consensus sequence for initiation of translation of eukaryotic mRNAs (Kozak, 1986; Liitcke et al., 1987) . The open reading frame (ORF) starting at position 156 continues until a UAG codon at positions 2826 to 2828. The 3' non-coding sequence is 757 nucleotides long. There are no other ORFs coding for proteins > 8K in any frame of either RNA strand. The Mr of the putative translation product is 98K.
Recently, Maiss et al. (1989) have identified the sequence UCAACACAACAU in the 5' non-coding region of several potyviruses. The sequence is not in the 5' non-coding region of BaYMV RNA 2 which, like Fig. 2 . Comparison of amino acids 103 to 256 of BaYMV RNA 2 with the proteolytic domains of HC-Pro of TEV, TVMV, PPV and PVY. The alignment of the potyvirus amino acid sequences and identification of conserved active site domains (boxes 1 and 2) are taken from Oh & Carrington (1989) . Box 3 is the predicted cleavage site for HC-Pro. Amino acids that are invariant between BaYMV and the four potyviruses (*) and either identical to at least one of the four potyviruses or functionally similar to the potyviral amino acids (+) are marked. many other plant RNA viruses, is A/U-rich and G-poor (10~). There is little 3' sequence similarity between the RNA 2 3' non-coding region and that of RNA 1 (Kashiwazaki et al., 1989; our unpublished data) with the exception of the sequence UUAUGUUC located 109 nucleotides upstream of the poly(A) tail which contains the putative polyadenylation signal UAUGU found in several potyviral genomes (Maiss et al., 1989) .
Comparison of the amino acid sequence of the 98K protein with protein databases revealed similarities only between the amino-terminal region and part of the helper component proteinase (HC-Pro) of several potyviruses. The sequence between amino acids 125 and 256 of the 98K protein can be aligned with regions in the polyproteins of four potyviruses that correspond to the proteolytic domain of the proteinase HC-Pro which is autocatalytically cleaved from the potyviral polyproteins ( Fig. 2) (Carrington et al., 1989) . Although there is less homology between BaYMV and tobacco etch virus (TEV), tobacco vein mottling virus (TVMV), plum pox virus (PPV) and potato virus Y (PVY) than among the four potyviruses in this region, there is strict amino acid conservation around the two active site amino acids, a cysteine and a histidine that were found to be essential for the autocatalytic processing of the HC-Pro (Oh & Carrington, 1989) . There is also amino acid conservation at the predicted cleavage site in the potyvirus sequences except that the G/G cleavage site of TEV, TVMV, PPV and PVY is replaced with a G/S dipeptide in BaYMV (Fig. 2, box 3 ). However serine is functionally similar to glycine and has been found at cleavage sites in other viral polyproteins (Kr/iusslich & Wimmer, 1988) . In addition, the conservation of functional domains and structural similarity at the secondary and tertiary levels of proteins is often a more important criterion for protein homology than the overall amino acid composition (Gorbalenya et al., 1989) . In vitro translation of RNA 2 (Pr61s et al., 1990) yielded several translation products smaller than 98K. The 28K product had the size expected for a protein cleaved from the 98K protein at the G/S dipeptide. Thus it appears that the 98K protein is a polyprotein that is subsequently processed; however, the possibilities of either premature termination or endogenous proteolytic degradation occurring in vitro could not be dismissed.
If the 28K protein lies at the amino terminus of the 98K protein and has autocatalytic activity analogous to the HC-Pro, then deletion of one of the putative active sites would lead to a loss of autocatalytic activity and the production of an unprocessed but correspondingly deleted 98K protein. To test this hypothesis the clone psY35AH was constructed, psY35AH encodes an 84K protein which has amino acids 21 to 151 of the 98K protein, encompassing the putative active site sequence, GCYC, removed. As demonstrated in Fig. 3 , analysis of the in vitro translation products of transcript RNA corresponding to psY35 and psY35AH confirmed that the 98K protein is a polyprotein. The 28K protein was absent from the in vitro products corresponding to psY35AH, demonstrating that this protein lies at the amino terminus of RNA 2 and that cleavage of the 98K polyprotein is likely to occur at the G/S dipeptide. The 74K protein which probably corresponds to the 70K protein predicted from the sequence data was also absent but an 88K protein appeared. This product is the size expected if the remaining 14K of the 28K protein could not be cleaved from the 74K (70K) protein. However, it is apparent that several other products are produced upon in vitro translation of RNA 2 which are not affected by the 14K deletion. Thus these products cannot originate from the initial AUG codon and are not generated as a result of proteolytic activity of the 28K protein. It is not known whether these products are artefacts of the in vitro system, i.e. products arising from translational initiation at downstream A U G codons, or arise from a novel translational strategy of this virus.
Although the 28K protein has homology with the potyvirus HC-Pro, this homology is only in the domain displaying proteolytic activity, The domain corresponding to that in HC-Pro which is involved in aphid transmission is quite distinct. Thus from this study there is no evidence that the 28K protein has a role in the fungal transmission of BaYMV.
In conclusion, RNA 2 of BaYMV encodes a 98K polyprotein, of which a region at the amino terminus appears to have an autocatalytic activity analogous to that of HC-Pro, allowing the generation of two protein products of 28K and 70K.
